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Recently, we cloned and sequenced the cDNA of allurin, a sperm chemoattractant isolated from the jelly of Xenopus laevis eggs [Proc.
Natl. Acad. Sci. U.S.A. 78 (2001) 11205]. In this report, we demonstrate that allurin mRNA is expressed almost exclusively in the oviduct
and that its expression is increased 2.5-fold by human chorionic gonadotropin over a 12-h period. Both dot blots and
immunocytochemistry show that allurin is secreted from the upper two thirds of the oviduct that includes the pars recta and the
proximal pars convoluta. Allurin appears to be deposited on the ciliated surfaces of luminal epithelial cells that come in direct contact with
eggs as they move through the oviduct. Immune staining also demonstrates the presence of allurin in the serosal capsule of the oviduct. In
contrast, allurin is not found within the tubular jelly-secreting glands or ducts that constitute a major portion of the oviduct wall.
Therefore, we hypothesize that allurin is synthesized by nonciliated secretory cells in the luminal epithelium of the oviduct, is displayed
on the ciliary layer and then mechanically mixed with jelly, and applied to eggs as they progress down the oviduct. This hypothesis is
consistent with the fact that eggs progressing down the oviduct initially show evidence of allurin being incorporated into the J1 layer.
Subsequently, allurin within J1 diffuses outward to J3 and eggs stored in the uterus now demonstrate a J3 localization of this
chemoattractant.
D 2004 Elsevier Inc. All rights reserved.
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A highly coordinated set of interactions between sperm
and the egg extracellular matrix is necessary for fertilization
in all animal species. These interactions include activation
of sperm motility, sperm chemotaxis towards the egg, sperm
penetration of the extracellular coats, induction of an
acrosome reaction, and finally binding to and fusion of
the sperm with the egg plasma membrane (Foltz and
Lennarz, 1993; Hedrick and Nishihara, 1991; Katagiri,
1987; Romanoff and Myles, 2002; Ward and Kopf, 1993;
Wassarman et al., 2001). An important step in these0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: d.chandler@asu.edu (D. Chandler).interactions is sperm chemotaxis, that is, the movement of
sperm up a gradient of chemoattractant toward the ovulated
egg. It is prevalent throughout the Metazoa, from marine
species with external fertilization to humans (Cosson, 1990;
Eisenbach, 1999a,b; Fuchs et al., 2001; Miller, 1985;
Nishigaki et al., 1996; Ward and Kopf, 1993).
Our primary understanding of sperm chemotaxis has
benefited from studies of invertebrates. Sperm chemo-
attractant peptides from invertebrate eggs and their recep-
tors have been well characterized (Kaupp et al., 2003;
Matsumoto et al., 2003; Miller, 1985; Riffell et al., 2002;
Spehr et al., 2003; Suzuki, 1985; Yoshida et al., 2002). For
example, resact and speract, isolated from A. punctulata
and S. purpuratus, respectively (Cook et al., 1994; Kaupp
et al., 2003; Suzuki et al., 1984; Ward et al., 1985), are the
most extensively studied peptides and there is a growing275 (2004) 343–355
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et al., 2003; Dangott et al., 1989; Daszon et al., 2001;
Solzin et al., 2004). Resact, for example, binds to a
guanylate cyclase receptor on the sperm surface, switches
on a cGMP signal transduction pathway, and mediates
sperm movement toward the egg (Dangott et al., 1989;
Matsumoto et al., 2003).
In humans and mammals, it has been demonstrated that
follicular fluid contains one or more chemoattractants for
sperm that are able to initiate changes in sperm direction,
drive sperm accumulation, and enhance sperm motility and
velocity in vitro (Cohen-Dayag et al., 1995; Eisenbach,
1999a,b; Falcone et al., 1991; Ralt et al., 1991, 1994;
Villanueva-Diaz et al., 1990). However, no active factor in
vertebrates had been identified until recently when our
laboratory purified and sequenced allurin, a 21-kDa sperm
chemoattractant was found in the jelly layers of Xenopus
laevis eggs (Al-Anzi and Chandler, 1998; Olson et al., 2001).
Purified allurin has been tested for chemotactic activity,
molecularly cloned from oviductal mRNA and sequenced.
The allurin sequence shows that this protein has homology
to members of the mammalian cysteine-rich secretory
protein (CRISP) family (Fernandez et al., 1997; Kratzsch-
mar et al., 1996), including testis-specific spermatocyte
protein (TPX-1; Foster and Gerton, 1996; Hardy et al.,
1988; Maeda et al., 1998; O’Bryan et al., 2001) and acidic
epididymal glycoprotein (AEG; Brooks et al., 1986; Cohen
et al., 1992, 2000; Hayahi et al., 1996; Rochwerger and
Causnicu, 1992; Xu and Hamilton, 1996), both of which
have been demonstrated to bind to sperm. Addition of
allurin to this family supports the hypothesis that CRISP
family members escort or guide sperm on their voyage all
the way from the testes to the egg: TPX-1 functions to link
spermatocytes to Sertoli cells (Maeda et al., 1998), AEG,
then stimulates sperm maturation in the epididymis (Cohen
et al., 2000), and finally in the female reproductive tract,
allurin binds to sperm and directs them toward the egg by its
concentration gradient.
In this study, we provide evidence that allurin is
produced almost exclusively in the upper oviduct as
detected at both the mRNA and protein levels. To
determine which region of the oviduct is responsible for
the secretion of allurin, we measured allurin expression in
three different regions of oviduct: upper (OVU), middle
(OVM), and lower (OVL). We find that allurin mRNA and
protein are highly expressed in the upper third (OVU) that
consists of the pars recta and pars convoluta 1 region as
defined by Yoshizaki (1985) and further illustrated by
Wake and Dickie (1998). Expression is regulated by
human chorionic gonadotropin (hCG) with allurin mRNA
levels increasing about 2.5-fold over a 12-h period.
Surprisingly, allurin is not secreted together with jelly
from the tubular secretory glands, which make up the
largest part of the oviduct wall. Although the exact type of
cell responsible for allurin secretion is not known,
detection of allurin on the extracellular surfaces of theciliated luminal epithelium points to the cells of this
epithelium being involved.Materials and methods
Animal, tissue, and egg water preparation
Male and female X. laevis were obtained commercially
(Xenopus Express) and kept on a 12:12-h light/dark cycle at
208C in circulating tap water. Eggs, ovarian, oviductal, and
uterine tissues as well as nonreproductive tissues were
obtained by dissection of euthanized females primed with
900 units of hCG (Sigma) at 0–14 h prior. Testes were
obtained from euthanized male frogs by dissection.
For RNA isolation, the entire length of oviduct was cut
into three portions: OVU (upper), OVM (middle),, and OVL
(lower). As defined by a previous anatomical observation
(Yoshizaki, 1985), OVU refers to the uppermost region
closest to the ovary including the pars recta (PR1 and PR2)
and pars convoluta 1 (PC1) regions; OVM refers to the pars
convoluta 2 (PC2) region; and OVL refers to the lowermost
region close to the uterus including the pars convoluta 3 and
4 (PC3 and PC4) regions. For immunocytochemistry,
oviduct tissue and eggs were taken from the specific regions
described by Yoshizaki (1985): PR1, PR2, PC1, PC2, PC3,
and PC4.
The diffusible components of egg jelly, referred to as
begg water,Q were prepared by incubating 1 g of freshly
spawned eggs in 4 ml of F-1 buffer (41.25 mM NaCl, 1.25
mM KCl, 0.25 mM CaCl2, 0.06 mM MgCl2, 0.5 mM
Na2HPO4, 2.5 mM Hepes, pH 7.8) at 228C with gentle
swirling for 3 h (Al-Anzi and Chandler, 1998; Sugiyama et
al., 2004). The conditioned medium was removed with a
micropipette taking care not to break or transfer eggs and
stored at 208C until use. Twelve-hour egg water (12
HEW) was prepared by incubating 1 g of eggs in 4 ml of
1.5 OR2 buffer (124 mM NaCl, 3.75 mM KCl, 1.5 mM
CaCl2, 1.5 mM MgCl2, 1.5 mM Na2HPO4, 10 mM Hepes,
pH 7.8) for 12–16 h at 48C and the medium removed and
stored frozen at 208C.
Construction of antisense oligonucleotide probes for allurin
expression
Antisense probes specific for allurin mRNA were
produced from a 600-bp sequence containing the coding
and 3Vuntranslated regions of allurin cDNA inserted into a
TA cloning vector (Invitrogen). The plasmid DNA was
linearized by BamHI (Promega) digestion and transcribed
in vitro using T7 RNA polymerase and digoxigenin-
labeled nucleotides (Boehringer-Mannheim). Antisense
probes specific for Xenopus glyceraldehyde-3-phosphate
dehydrogenase (XGAPDH) were produced by an identical
protocol except that the plasmid DNA was linearized by E.
coli I (Promega) digestion and transcribed by SP6 RNA
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mid was a generous gift from Dr. D. C. Eaton of Emory
University.
Production of polyclonal antibodies to allurin
Allurin was purified from 12-h egg water (Olson et al.,
2001) and 110 Ag was used in the immunization of one
rabbit for production of polyclonal antibodies (Rockland,
Inc.), yielding approximately 217 ml of antiserum. Anti-
allurin antibodies were characterized by slot blots and
Western blots using 12-h egg water as the target (Xiang et
al., 2004). Slot blots using antiallurin serum produced a
strong signal at antibody titers as low as 1:50,000. Western
blots exhibited label at one major band allurin at a relative
mobility of 23 kDa. Densitometry of Western blots showed
that the allurin band accounted for 97% and 93% of the
labeling when egg water protein and oviduct protein,
respectively, were used as targets. Although two very weak
bands at 110 and 150 kDa were present in Western blots of
oviductal tissue, these bands were not hormone dependent
as was allurin. In contrast, use of preimmune serum or no
serum for the primary antibody step resulted in no signal
(Xiang et al., 2004).
Reverse transcription PCR (RT-PCR)
Portions of the oviduct were frozen in liquid nitrogen,
crushed into powder in frozen Trizol Reagent (Invitrogen),
and total RNA was isolated according to the manufacturer’s
instructions. Complementary DNA (cDNA) was generated
by reverse transcription of total RNA using SuperScriptk
First-Strand Synthesis System (Gibco). cDNA was ampli-
f i ed us ing gene - spec i f i c p r imer s fo r a l lu r in
(5VTTCGTGGTATAATGAAAGAT3Vand 5VCGCGCGTTT-
TTTTTTTTTTT3V) and for GAPDH (5VTGACCCCTTCAT-
CGACTTGG3V and 5VGACACGGAAAGCCATTCCG3V).
Products were analyzed by 1% agar gel electrophoresis, the gel
stained with SYBR Green I (Molecular Probes) and visualized
on a Molecular Dynamics Storm PhosphoImager.
Northern and dot blotting
For Northern blotting, electrophoresis of total RNA was
performed using a 1% agarose gel containing 2.2 M
formaldehyde with a 1 MOPS running buffer, pH 7.0
(Sigma #M5755). A total RNA sample mixture containing 5
Ag RNA in 11 Al, 5 Al 10 MOPS, pH 7.0, 9 Al 12.3 M
formaldehyde, and 25 Al formamide was applied to each
well and 50 V applied for 3–4 h. The gel was either stained
with SYBR Green II (Molecular Probes) or diffusion
transferred to Immobilonk-Ny + membrane (Millipore) in
the presence of 20 SSC, and the membrane cross linked
with a UV lamp (Stratalinker, autocross link setting, 254
nm; Stratagene). Nonspecific membrane binding sites were
blocked with DIG Easy Hyb Buffer (Roche, #1603558) at688C for 2 h, and the membrane incubated with 50 ng/ml
DIG-labeled antisense RNA probes (for allurin and
GAPDH) in DIG Easy Hyb Buffer. After washing at
moderate stringency (0.2 SSC/0.1% SDS, 428C), the
membrane was incubated for 1 h in nonfat milk blocking
buffer (Roche, #1585762) to minimize nonspecific binding.
Anti-DIG-alkaline phosphatase (Roche, #1363514) was
then used to probe the DIG-labeled hybrids and labeling
was visualized by CSPD chemiluminescent substrate
(Roche) and exposure to CL-XPosurek film (Pierce). The
X-ray film was preflashed and the optical density of the
signals on the film was scanned and analyzed by Scion
Image software.
For dot blotting, 1 Ag total RNA was dissolved in 2 Al
DEPC H2O, denatured at 958C for 5 min, cold shocked on
ice, then applied to an Immobilonk-Ny + membrane.
Cross-linking, hybridization, and detection were identical to
those for Northern blotting.
Polyacrylamide gel electrophoresis and Western blotting
Protein was isolated from the oviducts using Trizol
Reagent according to manufacturer’s instructions (Invitro-
gen). SDS-PAGE was performed on protein extracts using
4–12% gradient gels (NuPage) with an MES/SDS running
buffer (Invitrogen, #46-5626). The gels were either stained
with Sypro Orange (Molecular Probes) for protein visual-
ization or electrophoretically transferred to PVDF mem-
brane in the presence of Towbin buffer (Towbin et al.,
1992; 25 mM Tris, 193 mM glycine, 0.1% SDS, pH 8.4,
15% methanol v/v) for Western blotting. Nonspecific
membrane binding sites were blocked with a 5% solution
of nonfat milk powder in Tris-buffered saline (TBS; 12.5
mM Tris, 140 mM NaCl, 4 mM KCl, pH 7.6) and the
membrane probed with antiallurin antibodies 1:10000 in
TBS with 1% Tween v/v. Goat anti-rabbit IgG antibodies
(Sigma) conjugated to alkaline phosphatase and extravi-
din–alkaline phosphatase were then used to probe the
primary antibodies and biotinylated molecular weight
markers (Sigma), respectively. A chemifluorescent sub-
strate (ECF, Pierce) was used to stain the membrane. Both
staining of gels with Sypro Orange and of membranes with
ECF were visualized on a Molecular Dynamics Storm
PhosphoImager.
Histology and immunocytochemistry
For histology, the PC1 region of oviduct from hCG-
primed frogs was cut into 2-mm-long tubes, flushed with
fixative (2% glutaraldehyde and 1% fresh formaldehyde in
1.5 OR2 buffer), and the tissue further sliced into 1-mm-
thick rings and fixed at room temperature for 2 h. The tissue
was then postfixed in 1% osmium tetroxide at room
temperature for 1 h, dehydrated in a graded series of
ethanol, and embedded in Spurr’s epoxy resin (Electron
Microscopy Sciences) according to the manufacturer’s
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on an RMC MT6000 ultramicrotome, stained with 0.1%
toluidine blue or with EMS Epoxy Tissue Stain (Cat.#
14950), and photographed on a Nikon E300 inverted
microscope using a Quantix digital camera (Photometrics).
For immunocytochemistry, specimens from the PR1,
PR2, and PC1 regions of the oviduct were cut into 2-mm-
long pieces and fixed in 10% neutral-buffered formalin
(Richard-Allan Scientific) for 2 h at room temperature. After
washing for 15 min in phosphate-buffered saline (PBS)
three times, the tissues were dehydrated by washing for 15
min each in 25%, 50%, and 75% ethanol, three times in
100% ethanol, and finally two times in Micro-Clear tissue
clearing agent (Thomas Scientific). The tissues were then
incubated for 15 min at 608C in Micro-Clear agent: paraffin
wax, 1:1, then for 15 min three times in paraffin wax. After
transferring the tissues into molds, they were allowed to
harden at room temperature overnight. The wax blocks were
trimmed, 10-Am-thick sections cut on a microtome, and the
sections placed on polylysine-coated slides at 378C over-
night for relaxation.
For immunocytochemistry, the sections were dewaxed
with Micro-Clear (three washes, 5 min each) and rehydrated
by washing for 5 min three times in 100% ethanol then one
time in 75%, 50%, and 25% ethanol sequentially. After
removal of the remaining ethanol with PBT (PBS, 0.1%
TritonX-100), the sections were incubated for 1 h in nonfat
milk blocking buffer and exposed to antiallurin serum at
1:100 dilution in blocking buffer for 16 h at 48C. After
washing four times with PBT, the sections were double-
stained sequentially with goat anti-rabbit IgG conjugated to
rhodamine (Pierce) at 1:100 dilution in blocking buffer for 1
h and with DAPI (10 mg/ml; Sigma) at 1:1000 dilution in
blocking buffer for 5 min.
Eggs for whole mount immunocytochemistry were
dissected from appropriate regions of the oviduct after
fixation of 5-mm-long sections of the oviduct in cold
methanol. The methanol-fixed eggs were then transferred
into ethanol, rehydrated, and stained with antibodies as
described above for sections.
Both eggs and sections were imaged using an inverted
Leica NTS Laser Scanning Confocal Microscope withFig. 1. (A) Digoxigenin-labeled antisense oligonucleotide probes for XGAPDH an
lane was loaded with 10 Ag of total RNA isolated from oviduct. (B) Dot blot anal
tissues harvested from an hCG-primed frog. Each dot contained 1 Ag total RNA fro
(T), brain (B), heart (H), lung (LG), liver (LV), kidney (K), muscle (M), and skin
densitometry as described in Materials and methods. The results are representativ10 and 40 objective lenses. Control specimens were
treated by an identical protocol except that the primary
antibody serum was either omitted or preimmune serum
from the same rabbit used instead. Laser power and
photomultiplier voltage were kept constant and electronic
images files were manipulated in a similar manner for
experimental and control specimens by Photoshop 6.0
software.Results
Expression of allurin mRNA in Xenopus reproductive and
nonreproductive tissues
Since several studies have pointed to the possibility that
plasma proteins such as albumin cross the oviduct wall and
are incorporated into the oviductal fluids without having
originated in the oviduct proper (Gerena and Killian, 1990;
Buhi et al., 2000), we first sought to establish that allurin is
a product of the oviduct. To investigate the distribution of
allurin expression, total RNA was extracted from 11
different Xenopus tissues and allurin and GAPDH tran-
scripts detected by specific antisense oligonucleotides. Both
oligonucleotide probes were first tested by Northern blot to
ascertain that they labeled only one major RNA species (see
Fig. 1A). Dot blots (Fig. 1B, top row) show that substantial
production of allurin mRNA was observed in only one X.
laevis tissue—the oviduct. With the exception of a low level
signal in the ovary and the testis, all other tissues tested,
both reproductive (uterus) and nonreproductive (brain,
heart, lung, liver, kidney, muscle, and skin), showed no
evidence of allurin mRNA expression. Indeed, allurin
mRNA levels, measured quantitatively, were undetectable
in all tissues except for oviduct, ovary, and testis where the
allurin/GAPDH expression ratios were 1.1, 0.26, and 0.20,
respectively.
Localization of allurin expression in the Xenopus oviduct
To determine the distribution of allurin in the oviduct,
the oviduct was cut into thirds (labeled OVU, OVM, andd allurin each detect a single mRNA species in Northern blot analysis. Each
ysis of the distribution of allurin mRNA expression in 11 different Xenopus
m each of the following organs: ovary (OY), oviduct (OV), uterus (U), testis
(S). The ratio of allurin dot density/XGAPDH dot density was obtained by
e of three similar experiments.
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RNA isolated from each portion probed by allurin- and
GAPDH-specific antisense oligonucleotides (see Fig. 2A).
High levels of allurin transcripts were detected in the
OVU and OVM regions, whereas low levels of allurin
transcripts were detected in the OVL region. Liver, used
as a negative control, showed no expression. These results
were confirmed by semiquantitative RT-PCR. cDNA
products from OVU and OVL RNA templates were
amplified by allurin- and XGAPDH-specific primers (see
methods). As shown in Fig. 2B, the upper third of the
oviduct (U12) expressed considerably higher amounts of
allurin mRNA template compared with the lower third
(L12) while they contained the same amount of XGAPDH
mRNA indicating equal loading of lanes. A similar
pattern was present in allurin protein expression as shown
by Western blot (see Fig. 2C). High levels of allurin were
found in OVU and OVM, but not in OVL, ovary, or
uterus.Fig. 2. Allurin is expressed mainly in the upper region of the X. laevis
oviduct. (A) Localization of allurin mRNA expression in different regions
of the Xenopus oviduct by dot blot analysis. LV: liver (negative control);
OV: the entire oviduct (positive control); OVU: the uppermost portion of the
oviduct including PR and PC1; OVM: the middle portion of the oviduct
including PC2; OVL: the lowermost portion of the oviduct including PC3
and PC4. (B) Comparison of allurin mRNA expression in non-hCG primed
and hCG-primed Xenopus oviducts by semiquantitative RT-PCR as
described in Materials and methods. Both XGAPDH and allurin PCR
products are approximately 600 bp. In unprimed oviduct, the lower third
(L0) showed no detectable allurin expression while the upper third (U0)
showed weak expression. Twelve hours after priming with hCG, the lower
third of the oviduct (L12) still showed no allurin expression while the upper
third (U12) showed increased expression. (C) Western blot analysis of
allurin protein expression in different regions of the oviduct. The allurin
band (Mr = 23 kDa) is present in the upper and middle thirds of the oviduct
but not in the lower third. Egg water (EW), known to contain 10% allurin
(Xiang et al., 2004), was used as a positive control. These results are
representative of three similar experiments.Hormonal regulation of allurin expression in the Xenopus
oviduct
Injection of hCG into female X. laevis appeared to
increase the expression level of allurin mRNA. This was
first ascertained by RT-PCR using total RNA from the
upper oviduct of animals primed with 900 units of hCG 12
h earlier (U12; Fig. 2B). The allurin cDNA product was
prominent compared with that from nonprimed oviduct
(U0; Fig. 2B). There was no allurin expression in the lower
oviduct either before (L0) or after (L12) hCG stimulation.
Amplification of XGAPDH was used to control for the
amount of RNA used in the RT-PCR reaction.
To study the kinetics of hCG-induced allurin mRNA
and protein expression, we analyzed total RNA and total
protein of upper oviducts obtained from X. laevis
euthanized at 0 (non-hCG-primed), 3, 6, 9, and 12 h after
hCG injection by dot blot and Western blot, respectively
(see Fig. 3). In dot blots (Fig. 3A), low levels of allurin
mRNA expression were detected at 0 h, a level that
increased over the 12-h period after hCG injection. To
estimate accurately the increase in expression, we used
densitometry to quantitate dot blot density, then calculated
the ratio between allurin and GAPDH signals for each time
point. As early as 3 h after hCG injection, allurin
transcripts were increased. The expression level remained
steady at 6 and 9 h but increased again at 12 h post-hCG
to 2.5-fold over that at 0 h (Fig. 3B).
Allurin protein expression also increased over the same
time period as shown by Western blotting. Allurin accumu-
lated steadily following hCG administration reaching
sevenfold higher levels at 12 h post-hCG (Fig. 3C).
Immunohistochemical localization of allurin in the Xenopus
oviduct
The X. laevis oviduct was divided into subregions PR
and PC1 to PC4 by Yoshizaki (1985). In our hands, the
histology of all regions showed a number of consistent
features documented here in 0.5-Am-thick sections of
resin-embedded specimens from the PC1 subregion. In
Fig. 4A, a sector of the oviduct wall in this region exhibits
simple tubular glands, each gland (dashed outline) having
a single secretory duct (SD) extending up through the
mucosal epithelium to reach the lumen of the oviduct.
These glands are composed solely of jelly secreting cells
packed with large basophilic granules and having a single
nucleus at their basal end (Fig. 4C). Capillaries (C; Figs.
4A and C) are frequently found between the tubular
glands. The mucosal epithelium surrounding the oviduct
lumen above is thrown into folds or domes that appear as
arches in cross section (Fig. 4B). Each arch consists of two
types of epithelial cells radiating from a central capillary:
ciliated epithelial cells (CE) that are more numerous
interspersed with nonciliated secretory cells having clusters
of small granules (asterisks; Fig. 4B). The outer (serosal)
Fig. 3. Time course of allurin expression in the upper region of the hCG-
primed Xenopus oviduct. (A) Typical dot blot analysis of allurin mRNA
expression. (B) Graph of densiometric data (mean F SEM) from three
experiments. Allurin dot density was first expressed as a ratio to XGAPDH
dot density, then all ratios normalized by setting the ratio at zero time to a
value of one. (C) Western blot analysis of allurin protein expression in the
oviduct between 0 and 12 h after hCG injection. The relative density of the
allurin band (Mr = 23 kDa, arrow), indicated below each lane, increases
steadily with time. Egg water (EW) was used as a positive control and its
density set to one. All time course studies were performed by extracting
total RNA and protein from the Xenopus oviduct at the indicated times after
hCG stimulation. Results are representative of three similar experiments.
X. Xiang et al. / Developmental Biology 275 (2004) 343–355348surface of the oviduct is bounded by a capsule containing
collagen and fibroblasts (Fig. 4D).
In order to localize allurin, paraffin sections of the PC1
region of the oviduct were processed for immunocytochem-
istry using antiallurin primary antibodies and anti-rabbit
IgG-rhodamine second antibodies. At low magnification,
strong immunostaining was found at the ciliated border of
the mucosal epithelium and along the serosal boundary of
the oviduct wall (Fig. 4E). In contrast, virtually no staining
was seen over the tubular jelly glands (Fig. 4E, dashed line).
The signal observed was specific immune staining as
indicated by the fact that no signal was observed when
preimmune serum was used (Fig. 6E) or when the primary
antibody was omitted (Fig. 6F).
Comparison of immune staining patterns (Fig. 5A) with
the cellular architecture (Fig. 5B) in the arches of the
mucosal epithelium indicated that the majority of the signal
comes from the cilia layer proper and possibly from the
apical regions of these cells. The lateral boundaries
between epithelial cells, seen as dark lines in phase contrastoptics (red arrows, Fig. 5B), also coincide with a network-
like pattern of staining (white arrows, Fig. 5A). Of
particular interest were funnel-shaped regions of staining
that extend from the ciliary border into the interior of the
arch (light blue arrows, Fig. 5A). These may represent
either granule-containing regions of secretory cells or
points where the ciliary layer invaginates into the arch.
Although the tubular jelly-secreting glands below were
generally absent of staining, occasional small patches of
immunostaining were seen on the lateral surfaces of these
glands (data not shown). Finally, on the serosa, the
connective tissues were strongly stained (Fig. 5C). Staining
formed convex caps around the bases of the tubular glands
that coincide with the cup-shaped layers of connective
tissue that form the capsule of the oviduct (Fig. 4D). DAPI
staining points out nuclei of fibroblasts residing in this
layer (blue fluorescence, Fig. 5C).
Kinetics of allurin expression and application to the egg
The time course of allurin protein expression was studied
in the PC1 region of the oviduct using immunocytochem-
istry (see Fig. 6). Prior to hCG injection of the frog (0 h; Fig.
6A) a sparse distribution of allurin was detected, mostly
located on the cilia of the arches. By 6 h post-hCG, heavy
staining indicated that large amounts of allurin had
accumulated not only on the cilia but also in the cell–cell
extracellular matrix, cell–capillary extracellular matrix, and
the serosal extracellular matrix (Figs. 5A and 6B). A similar
pattern of allurin distribution was detected at 12 h post-hCG
(Fig. 6C), except that less staining was observed, especially
between cells in the epithelial arches. Again, no staining
was detected within cells of the tubular jelly secreting
glands at any time point. No eggs were present in the
oviducts of 0 and 6 h specimens but at 12 h post-hCG, the
oviduct was filled with eggs moving in single file toward the
uterus.
Immunostaining of sections showing the oviduct
engorged with eggs exhibited an epithelial ciliary layer rich
in allurin as well as allurin being incorporated into the egg
coats (Fig. 6D). Allurin was never seen within the ducts or
cells of the jelly glands, but instead large aggregates of
allurin appeared to be sloughing off the ciliary surface and
mixing into the jelly strands being applied to the eggs
(arrows, inset, Fig. 6D).
Allurin in egg jelly relocates during passage of the egg
down the oviduct
Previously, we reported that the allurin of freshly
spawned eggs is found primarily in the J2 and J3 jelly
layers and not in the J1 layer (Xiang et al., 2004). Since our
studies above suggest that allurin is applied primarily in the
PC1 and PC2 regions of the oviduct along with the J1 jelly
layer, we carried out immunocytochemical studies to verify
the relocation of allurin as eggs progress from the ovary to
Fig. 4. Histology of the proximal pars convoluta (PC1) region of the X. laevis oviduct. (A) The oviduct wall contains a radial array of simple tubular glands
extending from the mucosal epithelium to the connective tissue capsule at the serosa. One gland is outlined by white dashes. At the mucosal surface these
glands are capped by domes of ciliated epithelial cells (CE). (B) The epithelial domes at the mucosal surface consist largely of two cell types, ciliated cells, and
secretory cells packed with small granules (asterisks). Both cell types extend to a centrally located capillary (C) that underlies each dome. Secretory ducts (SD)
from the tubular glands below exit to the oviduct lumen between adjacent domes. (C) Longitudinal cross section of a tubular jelly-secreting gland showing a
duct (SD) surrounded by a single layer of secretory cells packed with large basophilic granules. Just outside the glands are capillaries (C) and extracellular
matrix (ECM). (D) On its serosal surface, the oviduct is protected by a capsule of connective tissue. (E) Survey of immunostaining for allurin in the wall of the
oviduct. No staining is seen within the tubular jelly glands (outlined) while strong staining is seen at the ciliated epithelium of the mucosa and the connective
tissue capsule of the serosa. Scale bars are 10 Am (B–D) or 50 Am (A and E). The results are representative of three to five experiments.
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(a time at which the oviduct is filled with eggs moving
single file to the uterus), eggs were removed from specific
regions of the female tract. Eggs were either examined
without fixation by phase contrast optics to verify jelly layer
application (Figs. 7B, D, and G) or fixed in cold methanol,
processed for immunocytochemistry, and either embedded
and sectioned or examined as a whole mount (Figs. 7A, C,E, F, H, and I). Fig. 7A demonstrates that in the ovary,
mature oocytes were surrounded by a single layer of follicle
cells recognized by their DAPI-stained nuclei (blue; white
arrow). These cells were embedded in a thin extracellular
matrix that stained strongly with antiallurin antibody (red;
black arrow). This result, combined with the fact that dot
blots demonstrated weak expression of allurin in the ovary
(Fig. 1B), led to the unexpected finding that allurin is found
Fig. 5. Immunocytochemical localization of allurin in the X. laevis oviduct.
(A) A single epithelial arch showing very strong staining at the ciliated
border that lines the lumen of the oviduct. This staining exhibits funnel-
shaped extensions (light blue arrows) into the cellular areas of the arch,
possibly representing allurin-secreting cells. Weaker staining is seen
between epithelial cells of the arch (white arrows) and in association with
the endothelium that surrounds the central capillary (C). (B) Transmission
micrograph of the same arch shown in A. Red arrows indicate apparent
boundaries between cells that are weakly stained in A. Blue arrows indicate
funnel-shaped regions of allurin staining. (C) Strong immunostaining is also
seen in the serosal capsule of the oviduct that covers the bases of the tubular
glands (TG). Blue DAPI-stained nuclei are likely those of fibroblasts. Scale
bars are 10 Am (A and B) or 25 Am (C). The results are representative of
five similar experiments.
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region of the oviduct, the egg is coated with a
bprefertilizationQ (PF) layer seen in Fig. 7B; allurin is
clearly associated with the outer PF as shown in Fig. 7C and
in other specimens not shown allurin staining is actually
seen throughout the PF. From these observations, we
conclude that the PR2 region of the oviduct begins
application of allurin to the egg. Although we cannot rule
out secretion of allurin from the PR1 region as well, we are
unable to provide evidence for this since all of our
specimens exhibited a PF layer that is thought to be added
in the PR2. Application of the J1 layer and the thinner,
refractile J2 layer of jelly in the PC1 and PC2 regions of the
pars convoluta (see Fig. 7D) was accompanied by heavy
deposits of allurin in both layers (see Fig. 7E). As the J3
layer began to be deposited in the PC3, allurin continued to
be present due either to continued application or to
migration of the allurin originally applied in J1 or J2 (see
Fig. 7F). Near the end of PC3 and in PC4, all three jelly
layers were present (Fig. 7G) and allurin was now localized
exclusively in J3 (see Fig. 7H). Allurin continued to be
localized in J3 in eggs that had reached the uterus (Fig. 7I),
and an identical localization is seen in freshly spawned eggs
(Xiang et al., 2004).Discussion
Allurin, isolated from Xenopus egg jelly, was the first
vertebrate chemoattractant to be purified and sequenced.
This protein shares homology with other cysteine-rich
secretory protein (CRISP) family members some of which
are mammalian sperm binding proteins expressed in the
male reproductive tract, for example, TPX-1 and AEG
(Olson et al., 2001; Fernandez et al., 1997; Kratzschmar et
al., 1996; Cohen et al., 1992; Foster and Gerton, 1996;
Hardy et al., 1988). Although the mechanisms that couple
allurin activation to behavioral changes in sperm swimming
are not yet known, it is clear that allurin constitutes a major
protein of Xenopus egg jelly (3% of total protein) that
diffuses rapidly into the medium as eggs are spawned into
pond water (Xiang et al., 2004).
The jelly layers of amphibians are synthesized in the
oviduct and deposited sequentially onto the egg during its
travel through this organ (Bakos et al., 1990). The high
molecular weight bstructuralQ glycoconjugates that compose
most of the jelly are manufactured by tubular gland cells that
store these products in large basophilic secretory granules
(Bonnell et al., 1996; Yoshizaki, 1985; and Fig. 4C). In
addition, lower molecular weight proteins such as the
acrosome reaction-inducing substance of jelly (Ueda et al.,
2003) and coelomic envelope processing proteins such as
oviductin (Hiyoshi et al., 2002; Lindsay et al., 1999) are
also secreted by the oviduct in a hormone-dependent
manner. Thus, we anticipated that allurin might be
expressed and secreted by the oviduct in a hormone-
Fig. 6. Immunocytochemistry demonstrates that allurin stored at the luminal epithelium (CE) reaches a peak at 6 h post-hCG and is subsequently applied to the
egg as it passes down the oviduct. (A–C) Time course series of micrographs demonstrating that the small amount of allurin found at the arches before hCG
injection (0 h) is dramatically increased at 6 h post-hCG in preparation for egg arrival. By 12 h post-hCG, egg passage is well underway and the arch epithelium
exhibits substantial albeit reduced amounts of allurin. (D) As eggs are moved down the oviduct, allurin is transferred from the ciliated epithelium to the forming
jelly layers in what appears to be a mechanically driven process. Composite transmission–fluorescence images show allurin-stained strands of jelly being added
to the egg (arrows, inset, panel D). (E) No primary antibody control. (F) Preimmune serum control. The oviducts were obtained from the frogs 0, 6, and 12 h
after hCG stimulation, and the sections double stained by rhodamine and DAPI for allurin and nuclei, respectively. CE: ciliated epithelium; TG: tubular gland;
ECS: extracellular space; SD: secretory duct; PF, prefertilization layer. These results are representative of three similar experiments. Scale bars are 50 Am (A–C)
or 25 Am (D–F).
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current report demonstrates that this hypothesis is correct.
Dot blots using an allurin-specific oligonucleotide probe
show that allurin mRNA is expressed almost exclusively in
the oviduct. The fact that allurin is not expressed in
amphibian tissues outside of the reproductive system
suggests that allurin is a reproduction-specific protein
having a reproductive function.
Localizing the region of allurin expression in the oviduct
has allowed us to determine the stage at which allurin isincorporated into the jelly and to determine the richest
source of allurin mRNA. The oviduct is composed of a pars
recta region (PR1 and PR2) about 2 cm in length that is
followed by the pars convoluta (PC1-4) about 40 cm in
length. It is known that electron-dense particles character-
istic of the prefertilization layer are produced in the PR2
region, and that jelly layers J1 to J3 are added in the PC1 to
PC4 regions sequentially (Yoshizaki, 1985). Since allurin in
spawned eggs is found in the outermost jelly layer (Xiang et
al., 2004), we expected that allurin would be expressed near
Fig. 7. Immunolocalization of allurin associated with Xenopus eggs during progression through the female reproductive tract. (A) Ovarian oocytes are
surrounded by a thin, immunoreactive extracellular matrix (red) in which follicle cells are embedded. The nuclei of these cells are stained with DAPI (blue). (B)
Phase contrast micrograph showing the prefertilization (PF) layer of eggs isolated in the PR2 region of the oviduct. (C) Section of an egg isolated from the PR2
region of oviduct showing strong antiallurin immunoreactivity at the transition between PF and JI deposition. Weak staining is also seen at the vitelline
envelope in some eggs (arrow). (D) Phase contrast micrograph showing the J1 and J2 jelly layers of eggs isolated from the pars convoluta 2 region of the
oviduct. (E) Strong antiallurin immunoreactivity is seen in the J1 and J2 of eggs isolated from the pars convoluta 2 region. (F) Eggs from the pars convoluta 3
region have now started to exhibit a J3 layer; allurin is present in J1, J2, and the new J3. (G) Phase contrast micrograph showing that all three jelly layers are
present in eggs isolated from the late pars convoluta 3 region. (H and I) Eggs in the pars convoluta 3 region and in the uterus both show allurin located
exclusively in the J3 layer suggesting that allurin has relocated from the J1 layer to the J3 layer during passage of the jellied egg down the oviduct. These results
are representative of three similar experiments. Scale bars are 10 Am (A), 100 Am (B and C), or 50 Am (D–I).
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However, in contrast to our prediction, dot blots and RT-
PCR detection of allurin mRNA (Fig. 2) show that allurin is
highly expressed in the upper half of the oviduct includingthe pars recta, PC1, and PC2 regions. The basis for this
discrepancy is now clear. Immunolocalization of allurin in
eggs harvested from specific points in the oviduct (Fig. 7)
demonstrates that allurin is secreted and incorporated into
X. Xiang et al. / Developmental Biology 275 (2004) 343–355 353the inner layers of the jelly in the PR2, PC1, and PC2
regions of the oviduct but then diffuses from inner to outer
layers as the egg travels through the remainder of the
oviduct.
It is well known that most vertebrates release their eggs
periodically or seasonally under the control of sexual
hormones. In amphibians, ovulation in the ovary and
secretion of jelly constituents in the oviduct is initiated by
a surge of pituitary gonadotropin (Evennett and Thornton,
1971; Kelly, 1982; Kim et al., 1998; King and Millar, 1979;
Licht, 1979, 1990; McCreery and Licht, 1983). Our data
clearly demonstrate that human chorionic gonadotropin
(hCG), an LH-like hormone, induces the production of
allurin in addition to triggering ovulation and jelly
glycoconjugate secretion. In dot blots, the relatively low
level of allurin mRNA expression observed in non-hCG-
primed frogs was increased 2.5-fold after hormonal stim-
ulation for 12 h. At the protein level, Western blots showed
that allurin is increased sevenfold over basal levels at 12 h
after hCG. As expected, allurin mRNA levels rose early
(within 3 h) while the protein levels rose gradually over the
remaining 9 h. Although there appears to be a second
increase in allurin mRNA level at 12 h post-hCG, the
underlying basis for this is not known. One interesting
possibility is that given the impressive number of eggs
released from the ovary at 9–12 h post-hCG, the secretion of
allurin may be elicited by mechanical stimuli rather than in
response to hormones. The contact between eggs and
oviductal wall and the peristalsis of the oviduct might act
as potential inducers of allurin secretion during this second
increase.
The low level of allurin expression in non-hCG-
stimulated frogs may be due to constitutive expression or
due to a long-acting trophic effect of previous hCG
injections. Since we inject our frogs with hCG about once
every 2 months, these effects must last at least this amount
of time. A more complete study of long-term hCG effects on
allurin expression is needed. However, our preliminary
studies do show that sexually immature females and
females, which have not been injected with hCG for 6
months, show no detectable levels of allurin mRNA or
protein.
An unexpected finding was that allurin is not produced in
the same cells as the jelly glycoconjugates. Immunocyto-
chemistry showed that the simple tubular glands of the
oviduct contain no staining for allurin, a result found for the
PC2 to PC4 regions as well as the PC1 region of the oviduct
(data not shown). Likewise, the secretory ducts that lead
from these glands contained no staining for allurin. Thus, our
focus became the epithelial folds or barchesQ that line the
lumen of this passage. As shown in Fig. 4B, the arches
contain ciliated cells and, in addition, another type of
secretory cell whose granules appear ovoid and much smaller
than the large basophilic secretory granules of the jelly-
secreting glands below. Both cell types extend their bases to
the endothelium of a single capillary that runs though eacharch. These observations are consistent with Yoshizaki’s
(1985) at both the light and electron microscope level.
Allurin appeared to be located at extracellular surfaces,
most heavily on the ciliary surface and to a lesser degree in
cell–cell interstices within the arches. Also present were
inverted cones of patchy staining that could represent the
granule-containing regions of arch secretory cells, which
when triggered to undergo exocytosis would release allurin
to the ciliary bforestQ above. Alternatively, these regions
could represent deeper recesses of the ciliary border. If so,
this might mean that allurin is secreted by an alternative
pathway. Unlike the classic regulated pathway involving
secretory granules, allurin protein might be synthesized
continuously, carried to the apical plasma membrane by
small transport vesicles, and deposited onto the surface of
microvilli. In either case, allurin would be stored tempora-
rily while anchored to the ciliated cell surface. Then, during
the passage of eggs, the jelly secreted from the tubular
glands would be ejected into the lumen of the oviduct,
mixed mechanically with allurin, and the mixture applied to
the egg surface by the force of oviductal peristalsis and
ciliary beating. Since transport vesicles containing allurin
would be small, they are unlikely to be observed at the light
microscope level and study of this possibility will need to be
carried out by electron microscopy.Acknowledgments
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